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As human population becomes diverse, the need for sustainable, inexpensive, scalable, and 
decentralized water treatment technologies to supplement or replace conventional treatment 
methods are important, especially to satisfy the need of small, rural communities for safe 
drinking water. These challenges can be somewhat met with the use of semiconductor 
photocatalysis, especially if the process is driven by visible light energy. Visible-light-active 
(VLA) photocatalysis can be effectively applied in disinfection of drinking water. In comparison 
to traditional, energy-intensive, physical and chemical disinfection methods, VLA photocatalysis 
is capable of providing high disinfection efficiency with the use of cheaper energy, no harmful 
by-products, and no addition of chemicals. Doped with noble metals, some photocatalysts can be 
improved to react under visible light, producing in-situ reactive oxidative species (ROS) to 
disinfect water. In this thesis, experiments show that the noble metal based photocatalyst 
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1.1 General background: 
 
Human beings have been plagued by waterborne pathogens throughout history. These 
illness causing pathogens have stayed with the civilization creating mass sickness and death that 
is present even today. These afflictions became especially apparent once people lost their hunter 
gatherer ways, living in spread out spaces, and began congregating in confined areas. This 
became a big problem after the industrial revolution.   
In the 19th Century, unmanaged sanitary systems led to disease outbreaks such as those of 
cholera and typhoid fever in the UK and USA, respectively. There were various theories as to 
why this occurred, but the obvious conclusion was not drawn. ‘Foul smell’ or ‘Miasma’ 
hypothesis seemed to be prevalent because wherever there were unpleasant smells, diseases were 
associated with them. Improvement in public sanitation and hygiene, especially the 
implementation of water disinfection through chlorination, gained attention after this discovery 
and has since played a fundamental role in the control of pathogens detrimental to human health 
[1].  
While the role that water plays in human life has and will never change, the way in which 
water needs to be processed to make it safer needs to evolve yet again. The chemicals getting 
used today for disinfection, while mostly economical and effective in their usage, are not going 
to be successful in the long term as the side effects of the usage of such chemicals is being 
discovered and understood. Other methods of water treatment (discussed in Section 2) are 





Moreover, the communities at most risk from waterborne ailments today are the ones 
living on the cusp of society where access to reliable water treatment is difficult leading to 
improper and sometimes medieval disinfection of water. Transportation and other safety issues 
prevent safe chemical transfer and disposal. Other methods, as mentioned above are, expensive 
to construct and maintain in terms of cost/benefits analysis in many places. The outlook is even 
worse in developing countries when compared to developed nations.   
Like a repeating of history, people in the developing nations have started flocking to their 
version of urbanized cities today much like the people in the West did in the 19th century. And 
while on the positive side, there is knowledge about the causes of waterborne diseases and the 
methods to tackle them, conventional water treatment systems used in the developed nations are 
expensive to build and operate, and such systems cannot be afforded by developing nations.  
As for the people living in the rural parts of the developing nations, their method of water 
disinfection remains trivial at best, relying simply on filtration. This method is not be sufficient 
to inactivate all pathogens. Assuming the best-case scenario, even if their water source is a 
secure underground aquifer or a freshly flowing stream, there is a chance that water even from 
those sources could be polluted due to the increased human activities and high population. 
Therefore, it is imperative to discuss operationally and financially feasible disinfection 
methods that can be used in water treatment. These approaches should incorporate the capacity 
of both developed and developing countries to eradicate waterborne pathogens in all drinking 











1.2 Technical Background:  
 
Water disinfection is the process of deactivating, removing or killing pathogenic 
microorganisms from a water source. A century and a half after the water-borne epidemics 
mentioned in Section 1.1, many developing nations and some isolated countryside communities 
within developed nations still lack proper water disinfecting systems. In 2015, the World Health 
Organization (WHO) reported that about 80% of the developing world population still suffers 
from illnesses resulting from poor water quality and sanitation [2]. In 2020, about 850 million 
people still have no access to basic drinking water services, and at least 2 billion people use a 
drinking water source contaminated with feces. Moreover, it is estimated that there are half a 
million deaths each year from diarrheal diseases caused by bacteria such as Escherichia coli, 
Salmonella sp. and Cholera sp., parasites and viral pathogens [2]. Therefore, there is an urgent 
need to come up with efficient, sustainable and scalable water disinfection systems to fulfil the 
requirements of small communities that lack access to safe drinking water. 
Presently, most water treatment facilities use either chemical or physical methods of 
disinfection. For this purpose, common chemical disinfectants used are: chlorine, sodium 
hypochlorite, chlorine dioxide, and ozone. These chemicals rely on their oxidative and residual 
power to kill microorganisms and impede recontamination. Chlorination, while highly effective 
in killing bacteria and viruses, does not eliminate protozoa, including Cryptosporidium, Giardia 
and Acanthamoeba [3]. Other drawbacks of chlorination include the toxic effects of residual 
chlorine to aquatic life, and unwanted secondary reactions with natural organic matter in water to 
form carcinogenic and mutagenic disinfection byproducts (DBPs). There are also hazards in 
producing, transporting and handling large amounts of such chemicals. Physical disinfection 




removing pathogens from water, but their application is expensive, and lacks the residual 
disinfecting effect, being only effective around the contact site. Photocatalysis is thus a 
promising alternative technique for water purification and is the primary focus of this thesis [1]. 
1.3 Photocatalysis Background  
Photocatalysis is a process in which a catalyst facilitates and speeds up a process whereby 
sunlight (solar energy) is used to either oxidize and/or reduce a given compound into other 
compounds or elements without being used up itself.  
In 1972, Fujischima and Honda [4], synthesized hydrogen via water photocatalysis in the 
presence of a titanium dioxide (TiO2) electrode. The scientific community has been fascinated 
ever since by this approach of breaking down compounds by using sunlight and therefore has 
increasingly studied and researched this phenomenon. In the aforementioned process, TiO2 is 
analogous to the chlorophyll pigments involved in photosynthesis. Both substances are 
semiconductors. Through this process, humans successfully translated a naturally occurring 
event into practical, beneficial use, opening up new methods to treat wastewater and clean 
polluted air [5]. 
To date, much research has been done to efficiently use photocatalytic systems. Important 
applications have been developed in the field of water and wastewater treatment. Because 
photocatalytic reactions successfully oxidize and reduces unwanted substances determined by 
each particular system, experimentation have produced some promising results that show 
applicability in large scale environments. An example of this versatility is the use of 
photocatalysts to oxidize harmful organic substances in wastewater into harmless carbon dioxide 




The harvesting and usage of solar energy by a photocatalyst is extremely versatile. 
Photocatalysts are expected to play a significant role in addressing the challenges of the 21st 
century. From disinfection to energy shortage, environmental pollution and global warming, 





































2.Water disinfection methods overview 
 
 
2.1. Filtration  
 
Filtration for drinking water treatment, such as slow sand - and membrane filtration, with 
proper design can act as a consistent and effective barrier for microbial pathogens leading to 
about 90% removal of bacteria. This 90% removal occurs due to the formation of biofilm within 
the sand layers which traps pathogens and moves the relatively clean water along [6]. However, 
as mentioned, there is still 10% bacteria and other possible pathogens that can circumvent this 
mechanism and thus be harmful to humans. This procedure is ubiquitous in most rural 
settlements throughout the world using slow sand filtration. 
2.2. Pretreatment processes- Coagulation, Flocculation and Sedimentation 
 
These processes combined with properly operated rapid sand filtration can remove up to 
2.5 log Giardia, 3.0 log Cryptosporidium and 2.0 log viruses [6]. However, as seen above, there 
is still a significant chance of pathogens passing through and causing harm to humans. 
2.3. Chlorination  
 
Chlorine is a super disinfectant killing 99% of pathogens with a very small dose [6]. 
However, protozoa including Cryptosporidium, Giardia and Acanthamoeba are quite resistant to 
chlorination and cannot be effectively inactivated [7]. Moreover, chlorination causes the 
formation of potentially mutagenic and carcinogenic disinfection by products (DBPs) which 
along with potential harm to humans may also cause recontamination and salting of freshwater 
sources [6,7]. These DBPs are mostly formed when chlorine reacts with humic substances 
in water. As a result, there are regulations to reduce total organic carbon prior to disinfection. 






2.4. Ozonation  
 
Ozone is a super disinfectant as well. It kills 99% of pathogens at small dosages and even 
kills chlorine resistant pathogens at higher dosage and adjusted pH and temperature. It does so by 
producing the OH. radical which is one of the strongest disinfecting chemical species. However, 
ozonation can also produce DBPs, such as aldehydes, carboxylic acids and ketones, in the 
presence of dissolved organic matter. Ozonation also needs to be followed by biological filtration 
and digestion to remove its DBPs. Ozonation is a more complex technology than chlorination, 
requiring in-situ ozone production or high cost of transport of manufactured ozone, and is 
therefore also a financially stressful process [8]. 
2.5. Chloramination  
           Chloramination is another popular disinfection method. This uses a combination of chlorine and 
ammonia to produce chloramine, a relatively long-lasting disinfectant that is used in water treatment 
plants throughout the world. In the United States, it is used mainly as a residual disinfectant that stays in 
the system while water is delivered to people’s homes. While on the face of it, chloramination does not 
pose significant public health risk, it does not react with other compounds in water to form disinfection 
by-products including thihalomethanes(THM), haloacetic acids(HAA).  Of recent concern is the 
formation of  N-nitrosodimethylamine(NDMA), a potential carcinogenic substance [8].     
2.6. Ultraviolet (UV) Irradiation 
 
UV disinfection has been gaining traction [8] in recent years. In Europe, UV disinfection 
has been used from the 1980s as a prominent disinfecting procedure. UV rays work by damaging 
a pathogen’s DNA causing its reproducing capabilities to diminish. There are three forms of UV 
rays: UVA (315-400 nm), UVB (280-315 nm) and UVC (200-280 nm) with the UVC being the 




be done by either low-pressure UV lamps that produce a single wavelength of about 254 nm, or 
medium pressure UV lamps that produce ranges from 200-600 nm. While both does disinfection 
and produces little to no by products, the medium pressure lamps can inactivate a wider range of 
pathogens including the ones that the low-pressure lamps might not. However, both systems 
achieve about 99% pathogen inactivation with the difference being in cost of the lamp system 
being used. With that said, there are problems associated with UV disinfection too. Due to weak 
penetrating power, UV disinfection can only inactivate pathogens on the surface of the water,  
with this being more likely in the case of turbid wastewater. As a result, treated pathogens can 
often regrow after removal of UV irradiation. UV disinfection is also a costly procedure with a 
modest equipment reliability and lack of expertise in the maintenance of such systems [9]. 
2.7. Advanced Oxidation Processes (AOP)  
 
Advanced Oxidation Processes (AOP) generate hydroxyl radicals OH. in abundant 
quantities to be able to oxidize complex chemicals in wastewater. The hydroxyl radicals 
produced are able to oxidize almost all organic compounds to carbon dioxide and water because 
of their powerful redox potential. These processes include cavitation, photo-Fenton, 
photocatalytic oxidation and the combinations of H2O2/UV, O3 /UV and others, which ultimately 
produce OH
.
 [10]. However, the most promising technology is the use of heterogeneous 
photocatalysis based on the use of a semiconductor with a suitable energy band gap. This 
technology has received high attention and there are several techniques being developed to 
efficiently utilize this. Photocatalysis can be used for water splitting, organic compound 






3.Literature Review  
           Some portions of this section have been adopted from Upadhyaya and Rincon, 2019 [1] as 
the author of this thesis and the lead (or first) author of cited paper are the same person.    
 
3.1. Photocatalysis  
Photocatalysis is a process in which a semiconductor catalyst facilitates and speeds up a 
process using energy from a light source. This source is generally sunlight. In summary, 
photocatalysts can either oxidize and/or reduce a given compound into other compounds or 
elements without the photocatalyst itself being consumed. They can also split water to produce 
hydrogen gas, an impurity free source of fuel [11]. Photocatalysts can reduce CO2 content from 
the atmosphere by converting it to alkanes [12]. In addition, photocatalysts can also kill 
pathogens by producing highly oxidizing chemical species including the hydroxyl radical [13]. 
However, traditional TiO2-based photocatalysts require UV rays (λ < 380 nm) to operate, 
because their band gap is greater than 3 eV (for example, 3.2 eV for anatase TiO2) [14]. They 
can only utilize about 4% of the natural sun light. This makes them unable to take advantage of 
the 43% visible light energy in the solar spectrum [15]. This poses a challenge for scientists and 
researchers to produce photocatalysts that can effectively work under visible light wavelengths. 
Categorically, these are known as visible-light-active (VLA) photocatalysts. 
Photocatalytic disinfection via VLA photocatalysts is a non-conventional technique that 
can be made scalable and are useful in decentralized water and wastewater treatment systems. 
This system uses photocatalysts that are capable of absorbing photons in the visible light 
spectrum (380 nm or larger). This includes a fraction of the sunlight reaching Earth’s surface, 




photocatalysts to make them operate in the visible light spectrum, namely, non-metal doping and 
metal doping.  
3.1.1. Non-metal doping  
The first type is doping TiO2 with a non-metal such as nitrogen. Nitrogen doping induces 
a significant improvement in optical absorption of the energy from the sunlight [16,17]. It also 
improves the photocatalytic degradation capacity of TiO2 in the visible light region. While it is 
true that the oxidizing ability of TiO2 does get diminished after nitrogen is doped into the 
structure of TiO2, there has been enough evidence to suggest that the improved efficiency in the 
range of absorption compensates for the lack of oxidation ability of the original compound 
[16,17]. 
N-doped TiO2 exhibits broad absorption in the visible light region, especially in the 
wavelengths less than or equal to 550 nm [16,17]. Therefore, N-TiO2 can utilize a large part of 
the solar spectrum rather than be restricted to simply using UV rays as is the case with TiO2. 
This might be useful for environmental and energy applications, such as photocatalytic 
degradation of organic pollutants, solar cells, sensors and water splitting reactions. 
Photocatalysis is based on the generation of electron-hole pairs upon irradiation with 
light, as previously mentioned. The electron then migrates from the valence band to the 
conduction band within the lattice structure of the semi-conductor. This leaves behind a hole in 
the valence band. This hole then participates in adsorbed organic species and adsorbed molecular 
oxygen to conduct ‘redox’ reactions i.e. reduction and oxidation. 
The incorporation of nitrogen into the TiO2 lattice leads to the formation of a new mid-




from the original 3.2 eV and shifts the optical absorption to the visible light region. This happens 
due to either of the following reasons: [16,17] 
First, the conduction band of the TiO2 compound is usually the 3d energy level of the 
titanium in the compound. The valence band is consequently the 2p energy level of the oxygen. 
These two have a band gap of 3.2 eV as discussed previously. However, when nitrogen is 
incorporated into the structure, the 2p energy level from the nitrogen now acts as valence band 
and this band is at a higher energy level than that of oxygen, therefore reducing the band gap. 
Second, the nitrogen and the oxygen 2p energy levels mix to form a hybrid energy level 
somewhere above that of the original oxygen 2p level which now acts as a new valance band. 
This new valence band is then above the original oxygen 2p level, therefore, reducing the 
bandgap again. 
Third, the titanium in the structure is replaced by the doped nitrogen. This then causes the 
2p energy level of the nitrogen to act as the conduction band and thus substantially reducing the 
bandgap. It is therefore possible for the electrons to migrate from the valence band to the 
conduction band upon absorbing visible light, which leads to the visible light activity of N-doped 
TiO2. 
3.1.2. Metal doping  
Another technique that has been proven effective in the synthesis of visible light active 
(VLA)photocatalysts consists in the addition of noble metal nanoparticles (NPs) onto suitable 
semiconductors, such as AgCl and AgBr, to form a metal-semiconductor composite 
photocatalyst [18]. Noble metal NPs such as Ag, Au, Pt can strongly absorb visible light [19] due 
to their surface plasmon resonance (SPR), which can be accessed by varying the size, shape and 




electron traps and active reaction sites [30-31]. There is ongoing research focused on developing 
applications of photocatalytic systems for water treatment.  
3.2. Photocatalytic Disinfection  
The most commonly studied and generally accepted mechanism of photocatalysis 
involves the use of titanium dioxide (TiO2) in the oxidation of organic pollutants and inactivation 
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The difference in energy between the valence band (VB) and the conduction band (CB) is 
known as the bandgap, a region within which an electron cannot remain stable. The electron jump 
caused by the influx of additional energy leads to the formation of an electron-hole pair (e− and 
h+). The ability of an electron to make this jump at an optimum rate is unique to semiconductors 
and this property is used in photocatalysis. 
Once the electron-hole pair forms, these photo-generated charges will migrate onto the 
surface of the photocatalyst and undergo a variety of complex reactions to produce reactive 
oxidative species (ROS) such as the hydroxyl radical ( •OH ), hydrogen peroxide (H2O2), and the 
superoxide ion ( •2O
− ), which are capable of both oxidizing dissolved organics and inactivating 
pathogens [32].  
While effective, conventional TiO2 is not capable of VLA photocatalysis without a  
change in its morphology. The limitation of this process with TiO2 lies in the need for an energy 
input higher than 3.2 eV, equivalent to a wavelength shorter than 390 nm (high frequency waves 
such as UVB and UVC) to effectively excite and eject electrons, rendering the process energy  
intensive. If solar light was to be used; the process would be inefficient since the Earth surface  
receives 8% UV rays, of which 0.5%, 4.5% and 95% correspond to the UVC, UVB and UVA  
spectrum, respectively [33]. To overcome this limitation, modifications to the TiO2 lattice,  
consisting of doping its structure with either a metal or a non-metal, are necessary to reduce the  
bandgap width, enable electron-hole pair formation by visible light energy and prevent  
recombination of the formed electron-hole pair. 
3.2.1. Photocatalytic Disinfection Mechanism  
 




the application of photons of enough energy. Some pairs become unstable and the electron drops 
from the CB back into the VB leading to recombination and the release of energy as heat. The 
pairs that remain stable migrate to the surface of the photocatalyst.  
The OH−  ions in the aqueous solution that are adsorbed onto the TiO2 surface react with 
the migrated h+ to form the adsorbed hydroxyl ion ( •absorbedOH ) [34-36]. If other electron donors 
(reductants) are present in the solution, the h+ may also directly gain electrons from these 
reductants and become oxidized. Therefore, the h+ acts as an electron acceptor, directly oxidizing 
the organic substance that donates said electron. If sufficient reductants are present, the •absorbedOH  
is readily released into the bulk solution to form the •bulkOH , which plays an important role in the 
inactivation/destruction of microorganisms [37]. Also, two •bulkOH  radicals can combine with 
each other in solution to form H2O2, which is also an effective disinfectant [38-40].  
On the other hand, the surface migrated e− react with electron acceptors (oxidants). 
Generally, they react with dissolved oxygen in the water to form the superoxide ion ( •2O
− ) [41, 
42]. Electrons may also react with the H2O2 formed via the interactions mentioned above to 
produce •bulkOH . The formation of (
•
2O
− ) helps disinfection by gaining the electron from the e− and 
h+ pair, delaying and even preventing recombination at the below surface level, as electrons that 
have moved up the surface are being scavenged. The superoxide ion is a strong oxidant capable 
of inactivating pathogens [43]. 
As previously mentioned, generated ROS ( •OH , H2O2, 
•
2O
− ) attack microbes in water, 
which results in their destruction or inactivation [44]. The proposed action mechanism suggests 
that these ROS begin by systematically destabilizing or disorienting the outer membrane or cell 




membrane and allowing the contents of the cell to leak out, thus making it unable to replicate 
again and effectively killing or inactivating the microorganism. It is speculated that the 
inactivation of a bacteria may also occur via h+ before it is trapped either within the 
semiconductor or at its surface [45]. However, ROS are thought to be the primary “killer”, as 
indicated by the leaking potassium ion from the microorganism membrane or the destruction of 
its cell structure observed by others [44].  
The mechanism described above, while effective, relies on the prevention of rapid 
recombination of the electron-hole pair. The introduction of a constant stream of oxygen into the 
system to act as electron scavenger, the addition or in-situ generation of H2O2 to also act as 
electron acceptors, and the doping of the photocatalyst with noble metals, are among the most 
effective techniques being used to impede or delay pair recombination and, at the same time, 
increase photon absorption in the visible light region. SPR exhibited by noble metal NPs also 
play a very important role in this equation, hence for the purposes of disinfection in this 
experiment, noble metal NP based photocatalyst was selected over non-metal-based ones.   
3.3. SPR Based Visible Light Photocatalytic Disinfection  
3.3.1. SPR Phenomenon Overview  
The concept of plasmon resonance in noble metals is well studied [20-29]. It is 
conspicuous in noble metals NPs as they can utilize visible light energy due to this phenomenon. 
The SPR of noble metal NPs is the process by which the conducting electrons on the NPs 
undergo a collective oscillation or excitation stimulated by the oscillating electric field of 
incoming light rays [46]. As shown in Figure 2, the oscillating charges expand an electrical field 
close to the surface. When the resonance condition of the noble metal NPs is met by the 




SPR effect [47].  
 
 
Figure 2. CB electrons of noble metal NP oscillating away from the noble metal nuclei 
due to resonance with light energy waves [1].  
Two conditions must be satisfied for SPR to occur. First, the wavelength of the incident 
energy must notably surpass the particle diameter, and the shape and/or size of the NP have to be 
of an optimum magnitude as these variables influence the density of the electromagnetic field at 
the NP surface. Therefore, under ideal conditions, these two factors bring a shift in the oscillation 
frequency of the conduction electrons and enhance local electromagnetic fields near the surface 
of noble metal NPs [48,49]. For example, metal NPs such as silver and gold possess these 
attributes and demonstrate distinct plasmon absorption in the visible light region. 
The SPR phenomenon provides an alternative approach for triggering light absorption 
from within the visible light region of the energy spectrum [50]. To quantify SPR, a spherical 
metal NP is considered. This metal is controlled by dipolar interaction which is described by the 
polarizability α [46], where: 
 ( ) ( )03 2m mV     = − +                       (5) 
 




εm the dielectric constant of the surrounding medium, and ε(ω) = εr(ω) + iεiω), is the frequency-
dependent complex dielectric function of the metal with εr(ω) and εi(ω) as the real and imaginary 
components of ε(ω), respectively. When an electromagnetic frequency of ω at which  
εr(ω) = −2εm creates a strong resonance, this frequency is known as the SPR frequency. 
Therefore, the SPR frequency depends on the composition, size and shape of the noble metal NP, 
and the dielectric property of the adjacent medium due to its polarizing nature. In general, a rise 
in light intensity increases the possibility of hitting the SPR frequency enabling higher 
photocatalytic ability [51]. Moreover, smaller nanoparticles have larger specific surface areas but 
exhibit a weaker SPR effect. Consequently, SPR becomes stronger with increasing nanoparticle  
size and decreasing specific surface area [52]. Controlling these variables is key in optimizing 
the NP photosensitive properties [53,54].  
Noble metals have no band gap. Once the conducting electrons in these metals gain 
energy from light irradiation, the electrons are repositioned to higher energy from lower energy 
level states. In general, the wavelength (energy) of the incident photons determine the maximum 
level attained by the energetic electrons in an inter-band transition [55]. 
However, the energy level reached by the electrons excited by SPR depends on the 
wavelengths where the SPR absorption is observed. Hence, a wider range of wavelength 
absorption repositions the electrons to higher energy states, thus negating the need to overcome a 
band gap. This significant feature distinguishes the light utilization mechanism in metal 
nanostructures and semiconductors.  
The Fermi level of noble metals lies in between the VB and CB of a semiconductor 
photocatalyst [46]. However, noble metal NPs doped or deposited on the semiconductor are not 




phenomenon, they also exhibit a significant charge separation within the entire complex. The 
electrons generated are thus able to travel to the surface and interact with the dissolved oxygen 
in the bulk solution to form superoxide ions. Additionally, due to the polarized nature of the 
noble metal NP and semi-conductor interface, the holes may drop into the semiconductors 
making them into effective electron acceptors [55].  
In terms of noble metal NPs that are attached to semiconductors, the SPR of noble-metal 
NPs is able to instigate a rapid electron transfer from the photoexcited noble metal NP to the 
semiconductor. The band gap of the semiconductor is essentially reduced by the noble NPs with 
which it is doped. This occurs as sub-band gap defects, which favor visible light absorption, are 
generated in the semiconductor complex. Thus, doping alleviates restrictions on the strict 
wavelength range that a semiconductor can use 
for photocatalysis.  
The presence of noble metal NPs in contact with the semiconductor surface can also 
accelerate the redox reaction between the semiconductor and H2O, CO2 or other organic 
substances [1]. As shown in Figure 3, this facilitates the transfer of the photogenerated electrons 





Figure 3. AgNP and semi-conductor interface with AgNP trapping electrons[1].  
 
3.3.2. General SPR Mechanisms in Visible Light Photocatalysts  
 
SPR mechanisms observed in visible light photocatalysts can be separated into five major 
categories:  
(i) the noble metal NP/noble metal-halogen system, for example, Ag/AgX (where X is a halogen) 
(ii) the noble metal NP/titanium dioxide system, for example Au/TiO2 
(iii) the more complex ternary system which comprises more than two components, for example: 
Ag/AgBr/TiO2 
(iv) the noble metal NP/any semiconductor photocatalyst system 
(v) the noble metal salt doped to a traditional photocatalyst system, for example Ag3PO4/TiO2 or 
AgI/TiO2.  
In category (i), Ag NPs absorb photons that potently generate electrons and holes. These 




the surface of the AgX holding the NP. These holes promote the oxidation of X− ions to X0 
atoms, which can then oxidize organic pollutants or microorganisms and reduce back to X− ions 




and other ROS [44]. This is the case when the Fermi level of the AgX is higher than that of Ag 
NPs [55]. Sarina et al. [55] describe an alternative reaction pathway, of which a good example is 
observed in the Ag/AgBr structure. The symbiotic effect of Ag and AgBr in this composite 
structure occurs from electron transfer between Ag and AgBr. In this case the electrons 
generated by the Ag NPs don’t just migrate to the surface. As the Fermi energy level of AgBr is 
lower than that of Ag, the electrons transfer from Ag to AgBr until the two systems attain 
equilibrium. Under visible light, SPR excited electrons are generated at the surface of Ag NPs. 
The transfer of SPR electrons from Ag to the CB of AgBr is then energetically favorable. 
Alongside the aforementioned plasmonic process, conventional AgBr-based semiconductor 
photocatalysis also occurs simultaneously because AgBr can be directly photoexcited under light 
irradiation to generate electron-hole pairs in AgBr. These photogenerated electrons in the CB, 
together with the injected SPR electrons from Ag NPs, can initiate the catalytic reaction, as 






Figure 4. Photocatalytic mechanism of Ag/AgBr under visible light irradiation  
[1]. 
In category (ii), Au NPs doped on semiconductors such as TiO2 act as heterogeneous 
catalysts for a variety of oxidation and disinfection reactions. The SPR effect of Au NPs is able 
to boost the photocatalytic activity of TiO2 [56]. This photolytic reaction is explained by a 
complex electron transfer mechanism [57,58]. The Au NP’s SPR excitation of conduction 
electrons induced by incident visible light energy results in the relocation of energized 
conduction electrons, e−, from the Au NPs to the TiO2 CB, leaving behind positive charges on 
the Au NPs. The Au NPs can then receive e− from an electron donor. This charge transfer 
process, where various substrates are oxidized over Au NPs, and O2 is reduced on the CB of 
TiO2, leads to the generation of ROS [44].  
In category (iii), exemplified by Ag/AgBr/TiO2, the SPR-excited AgNPs serve as 





Figure 5. Photocatalytic mechanism of Ag/AgBr/TiO2 under visible light irradiation [1].  
Here, the TiO2 also participates in the charge transfer while simultaneously serving as a 
support for Ag/AgBr. The linear electron transfer from AgBr to Ag to TiO2 occurring in this 
complex notably improves the interfacial charge transfer and secures stability of the 
photocatalyst, which reduces the probability of recombination of the electron-hole pair. 
Oxidative species generated, such as h+, •OH , and •2O
− , are heavily involved in the photocatalytic 
disinfection mechanism of Ag/AgBr/TiO2. Another advantage of this new generation 
photocatalyst is that the surface Ag species remain Ag0 in the structure. This scavenges the h+ 
and traps the e− in the photocatalytic reaction, inhibiting the decomposition of AgBr. Lastly, this 
photocatalyst is not only effective under visible light, but it is also effective in the dark, as the 
antimicrobial properties of silver alone are capable of some degree of disinfection [59,60]. 
In category (iv), semiconductors like BiOI and BiVO4 are usually photoactive. They can 
generate electron-hole pairs via absorbing energy in the visible light region as their bandgaps are 




recombines. To prevent this from happening, the addition of a noble metal NP, such as Ag, in 
their structure acts as an electron transfer interface and allows the photocatalyst to promote 
disinfection in the visible light region, as shown in Figure 3. 
In category (v), much like in (i), the silver salt can produce electron-hole pairs under 
visible light irradiation. However, these electrogenerated pairs are weak and recombine easily. 
Because the Ag3PO4 nanoparticles can be easily reduced to Ag nanoparticles and a certain amount 
of Ag can form a composite structure of Ag/Ag3PO4/TiO2, the system now functions like a system 
(c), making the composite structure more stable, unable to recombine electron-hole pairs. 
Furthermore, the Ti-O-Ag bond in the composite can restrain further decomposition of the 
Ag3PO4 and increase the stability of the Ag3PO4/TiO2 heterostructure [61].  
Regarding the categories previously described, it is important to note that using SPR 
properties of noble metal NPs in combination with the either polar semiconductors such as AgBr, 
or a traditional photocatalyst such as TiO2, usually adds to the stability of the photocatalyst and 
its ability to transfer electrons within the system. Since there is no requirement to overcome a 
band gap, as there is in the case of semiconductors, the generation of electron-hole pairs in the 
noble metal NPs happens in the visible light region [55].  
In cases such as AgBr or Ag3PO4, where the noble metal salt itself is able to generate 
electron-hole pairs in the visible light region due to reduced bandgap, the addition of another 
semi-conductor makes the structure even more stable and prone to high efficiency electron 
transfer, while minimizing the recombination of electron-hole pairs. This system can act 
synergistically with the electron-hole pair generated by the noble metal NP in the structure to 
become more efficient.  




visible light region, however, the addition of supplemental semiconductors make the structure 
more stable and reusable. Moreover, these noble metal NPs doped onto traditional photocatalysts 
such as TiO2, ZrO2, Al2O3, SiO2, or zeolite, will have large specific surface area and porosity, 
which prevents the aggregation of the NPs and exposes a high number of active catalytic sites to 
reactant molecules [55]. This is a significant feature that distinguishes the light utilization 
mechanism of metal nanostructures from semiconductors.  
3.4. Enhanced photocatalytic disinfection 
As detailed in Section 3.2.1, the mechanism of enhanced photocatalytic disinfection 
directly relies on the oxidative stress caused by ROS which can irreversibly damage 
biomolecules and inactivate bacteria [62]. The effects described in sections above produce the 
most stable and efficient photocatalysts known so far; these photocatalysts are capable of 
disinfection via this method.  
3.5. Examples on disinfection with VLA Photocatalysts  
3.5.1. Bismuth and Noble Metal Based Visible Light Photocatalysts 
Bismuth based photocatalysts exhibit high activity in the visible light region. Bismuth 
oxyhalides, BiOX (X = Cl, Br, I), similar to other bismuth based semiconductors show unique 
optical properties and promising industrial applications [63]. This section presents the bismuth 
and noble metal based visible light photocatalysts.  
BiOI has noteworthy reactivity in the visible light region, with a bandgap of 1.85 eV, and 
has been used for disinfection. Zhu et al. [64] showed that 7.5 log Escherichia coli (E. coli) 
could be inactivated within 30 minutes using BiOI, and 7.7 log E. coli could be inactivated 
within 10 minutes using Ag/BiOI at λ > 420 nm. The authors concluded that the efficiency of 




capturing of electrons by the deposited Ag to reduce the recombination of electron-hole pairs. 
Therefore, while BiOI and Ag/BiOI can both be excited under visible light (λ > 420 nm) and 
possess photocatalytic disinfection activity, doping the bismuth oxyhalide with a noble metal NP 
enhances the process. This same effect has been observed in several photocatalysts doped with 
noble metal NP.  
Booshehri et al. [45] studied the photocatalytic disinfection ability of BiVO4 and 
Ag/BiVO4 by inactivating E. coli in aqueous solution under visible light (λ > 420 nm). Control 
experiments showed that E. coli cannot be inactivated without the photocatalyst either under 
visible light or in the dark. BiVO4 alone also has a low activity due to the fast recombination of 
photogenerated electron-ole pairs. However, after the deposition of Ag NPs on the surface of 
BiVO4, an increase in photocatalytic activity occurred, with all bacterial cells eradicated within 3 
hours of irradiation.  
Huang et al. [65] reported that Ag/Ag3PO4/BiPO4 demonstrated visible light (λ > 420 
nm) photocatalytic disinfection activity toward E. coli cells. As the band gap of the silver 
phosphate (Ag3PO4) is quite narrow, it displays a strong photocatalytic activity under the visible 
light. However, like most silver salts, drawbacks such as high electron-hole recombination rate 
and weak stability have hindered their practical application in photocatalysis. But enhanced 
photocatalytic activity and improved stability of Ag/Ag3PO4/ BiPO4 contributed to the strong 
visible light absorption by Ag/Ag3PO4 nanostructures. They have a low electron-hole 
recombination rate, and very efficient photogenerated electron-hole pair separation throughout the 
Ag3PO4/BiPO4 heterostructure. In this case the electrogenerated holes were the main reactive 
species.  




appreciably enhanced photocatalytic activity in inactivating E. coli, and Staphylococcus 
epidermidis (S. epidermidis), a Gram- positive bacterium, under visible light irradiation (λ > 420 
nm).  
Zhang et al. [67] reported that AgBr-Ag-Bi2WO6, a VLA photocatalyst, could completely 
inactivate 5 × 107 cfu/mL E. coli within 15 mins. This was superior to the results reported when 
using other VLA photocatalysts, such as the Bi2WO6 superstructure, Ag-Bi2WO6 and AgBr-Ag-
TiO2. 
3.5.2. Noble Metal Salt and Semi-Conductor Based Visible Light Photocatalysts  
Noble-metal-salt-based VLA photocatalysts are prevalent throughout the literature. Their 
low bandgap, ease of synthesis and low cost make them favorable for visible light photocatalysis.  
Lui et al. [68] reported that Ag3PO4/TiO2 composite revealed excellent photocatalytic 
activity towards disinfecting E. coli under visible-light irradiation (λ > 400 nm). The Ag3PO4 
nanoparticles enhanced the photocatalytic sterilization activity of Ag3PO4/TiO2 heterostructure. 
99.86% E. coli were killed after 50 minutes under visible light irradiation while using this 
photocatalyst.  
Hu et al. [69] evaluated the inactivation of Shigella dysenteriae (S. dysenteriae) in water 
under visible-light irradiation. Visible light alone without a photocatalyst had no bactericidal 
effects on S. dysenteriae. However, an approximately 8.5 log removal of S. dysenteriae occurred 
within 10 and 15 minutes in Ag-AgI/Al2O3 suspension under λ > 420 nm and λ > 450 nm visible-
light irradiation, respectively, while the same concentration of S. dysenteriae was completely 
inactivated after 25 minutes in AgI/Al2O3 suspension under λ > 420 nm irradiation.  
Lan et al. [70] reported that the photocatalytic inactivation of bacteria in water with 




Coli, and Staphylococcus aureus (S. aureus). The same authors also reported that S. aureus and 
E. coli, were almost completely destroyed by AgI/TiO2 in suspension under visible light 
irradiation. 7.8 log elimination of E. coli and 7.0 log removal of S. aureus occurred in 60 and 100 
minutes, respectively.  
Similar results were observed in separate photocatalytic experiments using 
Ag/AgBr/TiO2 where 6 log removal of E. coli was achieved in 60 minutes under visible light 
irradiation [59]. Also, others [69] report that 1.6 log removal of Gram-negative S. dysenteriae 
was attained after 40 minutes in a dispersion of Ag/AgI/Al2O3 in the dark, and a 8.5 log 
destruction of S. dysenteriae resulted from 10 minutes in a Ag/AgI/Al2O3 suspension under 
visible light irradiation. 
3.5.3. Miscellaneous Noble Metal Based Visible Light Photocatalysts 
The practice of adding graphene to make a visible light photocatalyst stable is well 
known [71]. This section gives examples of such visible light photocatalysts and other 
unconventional newer photocatalysts.  
Yang et al. [71] confirmed that the hybridization of Ag3PO4 with graphene oxide (GO) 
sheets not only resulted in the enhancement of the visible light absorption, but also lead to an 
improved visible light photocatalytic performance. The addition of GO sheets eased charge 
transfer and quelled the recombination of photogenerated electrons and holes. It was also 
reported that, for λ > 420 nm, when a composite of TiO2/Ag3PO4/GR was synthesized (GR 
indicating graphene from the graphene oxide compound), it efficiently annihilated various 
bacteria. Within the first 2 hours, the bacterial population was observed to decrease drastically 
from above 6 - 6.5 log CFU/mL of the control to 2.1 - 2.4 log CFU/mL for S. aureus and 




aeruginosa) and Bacillus pumilus (B. pumilus). When the time was extended to 4 hours, 
bacterial counts continued to decrease and the number of cells of all bacteria stabilized around 
1 log CFU/mL. After 8 hours, the bacterial population was completely inactivated.  
Erkan et al. [72] doped SnO2 and TiO2 with Pd for microbial inactivation of E. coli, S. 
aureus and Saccharomyces cerevisiae (S. cerevisiae). The addition of Pd led to an enhancement 
in the photocatalytic efficiency for the degradation of microorganisms when 1% Pd was used. 
3.6. Summary of noble metal based visible light disinfecting photocatalysts.  
Table 1 shows a comparison of the discussed photocatalysts, experimental setting and 
other pertinent information. The kinetic constant, K, has also been calculated for uniform 
comparison of photocatalyst performance assuming first order kinetics for all disinfection 
reactions. Most reactions occurred in a batch-like setting with slight modifications. As there is 
not a unified convention for photocatalyst nomenclature, their designated names are as provided 
in the literature and based on their synthesis procedure.  
 
 













Ag/BiOI 420nm> E.Coli 1.2434 400W Commercial Iodine Lamp 73 
        ƛ>420nm, made by cut-off filter   
        0.5g/l of Photocatalyst used   
        
 
  
Ag/BiVO4 420nm> E.Coli 0.0895 300W Xenon Lamp , ƛ>420nm 
made by cut-off filter 
45 
        19.7%Ag in photocatalyst   
        30 ml bacterial solution added to 
2mg/ml of solid photocatalyst 
  
        
 
  
AgBr-Ag-Bi2WO6 400nm> E.Coli 0.998 300W Xenon Lamp , ƛ>400nm 
made by cut-off filter 
67 
        100mg/l of photocatalyst used   
        
 
  
AgBr/Ag/TiO2 400nm> E.Coli 0.07675 300W Xenon Lamp , ƛ>400nm 
made by cut-off filter 
67 
        100mg/l of photocatalyst used   
        
 
  
Ag-Bi2WO6 400nm> E.Coli K-12 0.03071 300W Xenon Lamp , ƛ>400nm 
made by cut-off filter 
67 
        100mg/l of photocatalyst used   
        
 
  
Ag-AgI/Al2O3 450nm> E.Coli  0.311 
 
74 
  450nm> S.Dysenteriae 1.304 200mg/l of photocatalyst used   
  420nm> S.Dysenteriae 1.956 Best activity seen at pH 8.5   
         ƛ>420 and 450nm made by cut-
off filters 
  
Ag/AgBr/TiO2 400nm> E.Coli  0.230 
 
59 
        0.5g/L of photocatalyst used   
Ag/AgBr/ TiO2 420nm> E.Coli  0.276 350 W Xenon lamp with  
ƛ>420nm made by cut-off filter 
75 
        
 
  
        0.2g/l of photocatalyst used   
Ag–Bi2WO6  420nm> E.Coli  0.1535 500 W Xenon lamp with  
ƛ>420nm made by cut-off filter 
66 
    S.Epidermidis 0.06108 0.5mg/ml of photocatalyst used   
        
 
  
AgBr/TiO2 420nm> E.Coli  0.2609 
 
70 
    S.Aureus 0.3914 350 W Xenon Lamp with  





 (Table continued)       0.2g/l of photocatalyst used   
Ag3PO4/TiO2 400nm> E.Coli  0.1314 
 
68 
        300 W Xenon lamp with  
ƛ>400nm made by cut-off filter 
  
        10mg/L of photocatalyst used   
AgI/TiO2 420nm> E.Coli   0.299 350 W Xenon lamp with  
ƛ>420nm made by cut-off filter 
76 
    S.Aureus 0.1612 
 
  
        0.2g/l of photocatalyst used   
Ag3PO4/TiO2/Fe3O4 400nm> E.Coli  1.243 300 W Xenon lamp with  
ƛ>420nm made by cut-off filter 
77 
        
 
  
        0.30 mg photocatalyst was used in 
an anti-microbial film 
  
Ag/g-C3N4 420nm> E.Coli  0.184 300 W Xenon lamp with  
ƛ>420nm made by cut-off filter 
78 
        
 
  
        0.1g/l photocatalyst used   
Ag/AgBr/WO3. 
3H2O 
400nm> E.Coli  0.0693 300 W Xenon lamp with  
ƛ>400nm made by cut-off filter 
79 
        
 
  
        0.1g/l of photocatalyst used   
Ag/AgBr/BiOBr 400nm> E.Coli  0.4621 
 
80 
        300 W Xenon lamp with  
ƛ>400nm made by cut-off filter 
  
 
3.7. Research objective 
The objective of this research was primarily to find out whether or not the photocatalyst, 
Ag/TiO2/AgBr, which was synthesized in the lab could conduct disinfection of water using 
visible light energy. Total coliform from a polluted water source was measured initially ,and 
after the use of the photocatalyst under visible light. Control experiments using only the 
photocatalyst to allow adsorption and only light were also conducted to make sure that the 
addition of the photocatalyst was in fact contributing to disinfection. A positive correlation by 





4.Experimental Phase  
4.1. Overview 
Based on the available literature and the need for water disinfection processes, an 
assessment was made to study disinfection of polluted water in a batch reactor i.e. in this case a 
water sample with sufficient coliform bacteria.  
First, a water source that was contaminated enough to show colonial growth, but not 
contaminated enough to severely limit the impact of the study, was selected. After trial and error 
runs using water from the Mississippi River at several locations, a spot was selected from the 
Pontchartrian Lake. The setting was selected at a point where available online data showed that 
the salinity of the water (0.4 parts per thousand or 400-mg/L -considered freshwater) was not 
high enough to disrupt results, but the water was dirty enough to show some coliform activity. 
This was a pocket of space at the intersection of the London Avenue Canal and the Lake 
Pontchartrian in 2000 Lakeshore Drive, Figure 6.   
 





After identifying this location, an appropriate photocatalyst was synthesized. This was 
based on the literary evidence that showed some activity against the bacteria as seen in Table 1 
and practical experimentations with some assumptions. Section 5 describes the practical aspects 
of the exact photocatalyst selection procedure and all the trials it took to reach that point.  
Practical runs for photocatalyst synthesis and selection was important. This is because 
even though literature review does show the effectiveness of the photocatalysts in disinfection, 
their synthesis procedure is scripted in a generalized way. That means the procedure is not 
explicitly written step by step for possibly copyright and patent reasons. So, one or two steps 
from several steps has to be guessed by the synthesizer based on their knowledge of chemistry 
and their prior understanding of the structure of the photocatalyst.   
 Moreover, as several photocatalysts were a good candidate to conduct this experiment, 
considering manpower and laboratory resources, the few best candidates for this experiment 
were selected via trial and error. Once a few batches of such photocatalysts were synthesized, the 
assumption that a photocatalyst successful in organic matter degradation also being able to 
produce the necessary oxidative stress to disinfect a water sample was used to proceed. This 
assumption was in line with the theoretical evidence available.  
Next, several experiments were conducted, including control experiments, to see whether 
or not using the lab synthesized photocatalyst would have a positive, negative or no effect when 
trying to disinfect the water sample using visible light. Based on the results of these batch reactor 
experiments, a conclusion was made. 
4.2. Procedure: 
     HACH procedure 10029 was followed to come up with an experimental setup. The 




has been approved by the United States Environmental Protection Agency (USEPA) and has 
been modified slightly to accommodate the needs of this research.   
4.3. Experimental station setup:  
A sample of water from the appropriate location as shown in Figure 6 was brought to the lab. 
This water sample was first filtered through the 1.5-micron pore size filter paper to ensure that 
the particles that may cause the sample to be clogged or colloidal would be eliminated as shown 
in Figure 7 and Figure 8.    
 





Figure 8: Entire filtration setup  
Next, a large 1000-mL glass beaker was filled halfway with water and placed on top of 
the magnetic stirrer plate. The plate is part of a grander setup in which the plate is a platform 
which can extend up or down and the solar light simulator lamp is placed above the plate fixed. 





Figure 9: The entire batch reactor setup  
Then, the batch reactor of 500-mL capacity is placed inside the glass beaker with water 
forming a moat around the reactor. This acts as a water bath. This is done so that the 
temperature of the reactor remains constant throughout the duration of the experiment. A 
magnet is then placed inside the reactor. The magnetic plate is raised so that the distance 
between the top of the light source and the top of the reactor is 15 cm. A thermometer is then 
placed in the moat portion to monitor temperature (Figure 10) and a pH probe measures the pH 





Figure 10: Setup with thermometer    
Next, the prefiltered water and the photocatalyst mixture is poured into the reactor and 
the magnetic stirrer is turned on to allow homogenous mixing throughout the reaction. The 
mixture is stirred for an hour in the dark (lamp off) to ensure adsorption equilibrium. It is then 
either turned on or kept off for the remainder of the experiment depending on the conditions 
applicable in that experiment (Figure 11). Note: No photocatalytic reaction begins at time zero, 





Figure 11: Photocatalytic batch reactor setup  
Also, note in Figure 11, the solar simulator lamp and the UV filter attached to the 
simulator can be seen in the top portion. Essentially, the lamp emits between 380 nm to about 
750 nm of light wavelengths according to the manufacturer. However, to prevent UV rays from 
entering due to faulty transmission, a UV filter was installed as a safety measure to ensure that 
only visible light rays entered the reactor.     
Then, at hourly intervals, a fixed volume of sample was extracted from the batch reactor 
and tested through the membrane filtration test procedure according to Hach Method 10029. 
After each extraction, as the volume couldn’t remain constant inside the batch reactor, the 
entire process was restarted, and the extraction time was increased as needed in the experiment.  
4.4 Experimental procedure  
4.4.1. Disinfection experiment procedure 
As mentioned in Section 4.3, the experimental procedure is in line with the experimental 
setup.  




experiments, the photocatalyst was Ag/TiO2/AgBr. This photocatalyst was synthesized using the 
most apt synthesis technique available (described in detail in Section 5). 
Next, the water sample is selected (described in Section 3). Around 2-L of this sample is 
brought from the site to the lab per each experiment in a sterilized container as seen in Figure 
12.  
 
Figure 12: Sterile container to bring in water sample  
This batch of water is then continuously aerated using an open top and a magnetic stirrer. 
This water sample is then filtered using a 1.5-micron pore size filter paper to remove any 
impurities that might affect the experiment concerning disinfection, this removes tubidity and 
only allows coliform bacteria to pass through.  
Then, according to the Hach 10029 procedure, a volume of filtered water is selected that 




a few trial and error runs, 11-mL was the volume selected. This amount was in line with what the 
procedure stated.  
For the first hour, 100-mL of water and either 25,50 or 100-mg of photocatalyst are 
allowed to thoroughly mix to reach adsorption-equilibrium. These amounts equate to 
concentrations most often cited in literature. Then, the light simulator emitting the visible light 
spectrum waves is turned on and kept on for an additional 2 hours. However, once extracted, as 
the volume of water cannot be replaced in the batch reactor making for volume discrepancy, for 
each hour reading, the experiment was restarted i.e. the volumes were extracted at hour 0 then 
hour 1 in one experimental reactor and at hour 2 in another experimental reactor under same 
experimental conditions.      
As previously discovered, 11-mL of the water sample in the batch reactor is first filtered 
pipetted to the buffered dilution water. This solution is thoroughly shaken.  
Now, the procedure for measuring coliform is as follows: 
a) Invert one m-ColiBlue24 broth ampule (Figure 13) 2 to 3 times. Open the ampule. Lift 
the lid of a petri dish and carefully pour the contents equally on the absorbent pad 





      Figure 13:  m-ColiBlue24 broth ampule  
        




b) Set up the membrane filtration apparatus. Use sterile forceps to put a membrane filter 
(0.45 microns) in the assembly. Make sure that the grid side is up (Figure 15)  
 
      Figure 15: Filter paper with grid side up  
 
c) Invert the sample or the diluted sample for 30 seconds (25 times) to make sure that the 
sample is mixed well. 
d) Pour or use a pipet to add the sample into the funnel.  
e) Apply the vacuum until the funnel is empty. Stop the vacuum. 





g) Put the membrane filter on the absorbent pad. Let the membrane filter bend and fall 
equally across the absorbent pad to make sure that air bubbles are not caught below the 
filter (Figure 16). 
 
      Figure 16: Filter paper placed inside container  
h) Put the lid on the petri dish and invert the petri dish. 






Figure 17: Incubator set at 35°C 
 
 






j) Remove the petri dish from the incubator. Use a 10 to 15x microscope to count the 
number of bacteria colonies on the membrane filter (Figure 19). 
      
     Figure 19: Microscope and camera with a monitor to count the number of colonies  
Here, once the incubation was over, Coliform colonies in 100-mL = 100 x (Coliform 
counted/ Sample Volume). Moreover, each sample was taken three times from the time of 
their sampling and averaged to give a more accurate reading.   
4.4.2. Control experiments  
For the control experiments, the same procedure was followed as when conducting the 
disinfection experiments, however, two control criteria were considered.  
Criterion 1: The light was not switched on at all during the entirety of the experiment, 




Criterion 2: The light was switched on like in Section 4.4.1. but no photocatalyst was 
ever added to the reactor at any point. This is to evaluate the effect of photolysis only.   
These control experiments helped to understand whether it was merely the light that was 
disinfecting, or it was only the microorganism adsorbing to the photocatalysts that affected the 























Different laboratory methods used for synthetizing photocatalyst have been developed by 
researchers in the field. They have been summarized in Table 1. However, in order to reach the 
disinfection stage, preliminary investigation by conducting a series of batch reactor degradation 
of organic compound had to be done by synthesizing and testing various photocatalysts as 
detailed in Section 4.1.  
First, one of the most efficient and safe to synthesize photocatalyst: Ag/TiO2/AgBr was 
selected and synthesized from known literature review and calculated ‘K’ values from Table 1. 
For comparison, this photocatalyst was tested against the more traditional non-metal-based 
photocatalyst N-TiO2 (Section 3.1.1) and the unmodified TiO2 to compare efficiency based on 
previous research that the author had conducted. The purpose here was to figure out whether or 
not, when visible-light-spectrum rays was used, the organic compound Methylene Blue (MB) 
degraded and to what extent by using which photocatalyst. This was done to ensure that the 
photocatalyst synthesized was in fact working under visible light conditions.   
5.1. Preliminary experimental procedure 
5.1.1. Setup   
The experimental procedure is similar to Section 4.3.   
First, a large 1000-mL glass beaker was filled halfway with water and placed on top of 
the magnetic stirrer plate. The plate is part of a grander setup in which the plate is a platform 
which can extend up or down and the solar light simulator lamp with a UV filter is placed above 
the plate fixed. The whole setup is framed in a wooden stage.  




forming a moat around the reactor. This acts as a water bath. This is done so that the temperature 
of the reactor remains constant throughout the duration of the experiment. A magnet is then 
placed inside the reactor. The magnetic plate is raised so that the distance between the top of the 
light source and the top of the reactor is 15 cm. A thermometer is then placed in the moat portion 
to monitor temperature. 
Third, the sonicated MB and catalyst mixture is poured into the reactor and the magnetic 
stirrer is turned on to allow homogenous mixing throughout the reaction. The mixture is stirred 
for an hour in the dark (lamp off) to ensure adsorption equilibrium. It is then turned on for the 
remainder of the experiment. 
5.1.2 Experiment  
The setup described above was used to perform the experiment. Several types of 
experiments were run.  
First, the pure MB solution with a concentration of 20-mg/L was tested. This experiment 
was a control experiment to set a baseline. 100-mL of pure 20-mg/L-MB solution was poured 
onto the batch reactor. The magnetic stirrer was turned on and the temperature of the water bath 
was measured. For the first hour of the experiment, the light source was not turned on. This 
period worked as the adsorption period when any photocatalyst was used. Each half hour about 
2-mL sample from the reactor was extracted using a pipette and its absorption spectrum was 
recorded. The temperature was also measured and monitored each time the sample was 
extracted. After the absorption spectrum was recorded from the spectrophotometer, the extracted 
sample was poured back into the batch reactor to restore the original volume. For the next two 
hours the same steps were repeated only this time the light source was turned on. The light 




identified around 664 nm from literature and experimentation, the experiment focused on 
recording any changes or shifts that happened to the absorbance of the MB at 664 nm. A 
calibration curve (Figure 20) to establish a relationship between the absorption and the 
concentration of the MB at given times was obtained from these results. 
 
Figure 20: Absorbance-Concentration calibration curve  
Second, 100-mL of 20-mg/L MB solution mixed with 50-mg of TiO2 was sonicated using 
the ultrasound sonicator for 15 minutes. This mixture was then poured into the batch reactor and 
the magnetic stirrer was turned on. For the first hour, the experiment was conducted in the dark 
to allow mixing and adsorption equilibrium between the liquid and the solid. At this time, it was 
expected that the rate of molecules attaching to each other would be the rate at which 
they were being released. Each half-hour, a 2-mL sample of the mixture would be extracted and 
run through the spectrophotometer.  
The spectrophotometer measured absorbance of the test on the entire mixture under the 
assumption that the concentration of the MB was proportional to the absorption at the 664 nm 




was repeated, withdrawing a 2-mL sample every 30 mins and pouring the sample back in to the 
batch reactor after analysis. The temperature was also monitored to ensure it remained constant 
throughout. 
Third, the exact same procedure as mentioned above is followed, except this time the 
catalysts were the N-TiO2 and Ag/TiO2/AgBr instead of the TiO2. This is essential because the 
goal here is to compare the efficiency of the various catalyst when solar light is used.      
5.2. Preliminary Experimental Results  
Based on Figures 21-24 produced below from the preliminary experiments, it can be 
clearly seen that the Ag/TiO2/AgBr is the superior photocatalyst when it comes to degradation of 
the MB, therefore, it was implied that this photocatalyst is the best pragmatic choice when it 
came to disinfection experiments. This helped with the decision to stick with Ag/TiO2/AgBr as 
the photocatalyst of choice and synthesize this photocatalyst in a larger scale to complete all 
experiments.   
 







Figure 22: Fraction remaining vs time graph for MB degradation using three photocatalysts and 
control 
Preliminary experiments showed the efficiency of each photocatalyst in the degradation of 20 
mg/L MB at the end of 3 hours: 
- MB only (Control) – 13.4% 
- Ag/TiO2/AgBr – 52.4% 
- N-TiO2- 19.1% 
- TiO2- 37.8% 
5.3. Synthesis of Photocatalyst  
From literature, trial and error, and preliminary test runs Ag/TiO2/AgBr appeared to be 
the most potent photocatalyst. So, the synthesis method that was used for this creation was left 
intact and implemented. It was adapted from Wang et al. [59] and is as follows:    
Ethanol (99.5% - 99.8%) is used to prepare solutions A and B. Solution A (45 mL total) 




wt%). Solution B (45 mL total) consists of 0.91 g cetyltrimethylammonium bromide (CTAB, 
98%) followed by 2.98 mL of titanium isopropoxide (TTIP, 98%), which is added at last. The 
mixture of these two solutions is continuously stirred for 3 hours at room temperature. 
This mixture is then transferred into a 100 mL Teflon-lined stainless-steel autoclave. The 
autoclave is solvo-thermally treated at 150˚C for 4 hours. The resulting product is thoroughly 
washed with deionized (DI) water, centrifuged and dried at 70˚C overnight. It is lastly calcined at 
450˚C for 2 hours.  
The obtained yellow powder of AgBr/TiO2 is then dispersed into deionized (DI) water 
under dynamic stirring and white Light Emitting Diode (LED) irradiation for 2 hours. The 
product is then collected and dried at 70˚C. The gray Ag/TiO2/AgBr photocatalyst is finally 
obtained (Figure 23). 
 
 





As seen in Figure 24, coliform colonies form in the agar plates and counting the number of these 
colonies under a microscope under different conditions give the desired results in the experiment. 




Figure 24: A sample after incubating for 24 hours  
 
6.1. Control Experiment Results 
6.1.1. Photolytic disinfection only  
As written in Table 2 and seen graphically in Figures 25 and 26, it can be inferred that 
when only light is applied to the water sample with coliform in it, as the hours increase the 
amount of coliform remaining in the water also decreases. For instance, initially there are on 




colonies per 100-mL remain. After two hours, 27 colonies per 100-mL remain, and after three 
hours, 18 colonies per 100-mL remain.  
 However, the decline in the number of colonies remaining is not as rapid or sharp as can 
be seen when the photocatalyst has been used. This can be used to set a baseline at which the 
coliform present would die out naturally due to the presence of heat. 
  The heat present can be easily explained due to the increase in temperature of the water bath as 
seen in Table 2. While the water bath was put in place to prevent drastic fluctuation of the 
temperature of the batch reactor, in could not prevent the random fluctuations. So hence, with the 
increase in temperature, we can infer that the conditions became hostile for the coliforms to 
survive. However, once the temperature stabilized as well, the rate at which the coliforms died 
levelled off too.   
Table 2: Comparison of the number of colonies with respect to time.  
(Light only) Average of 3      









0 55 0 0.0 21.1 6.9 
1 45 17 0.1 21.4 6.9 
2 27 50 0.3 22.1 6.8 






Figure 25: Number of colony forming units (CFU) per 100 milliliter(mL) vs Time  
 
  
Figure 26: Log inactivation of coliform vs Time  
6.1.2. Adsorption Only 
As written in Table 3 and seen graphically in Figures 27 and 28 , it can be inferred that 
when only photocatalyst is applied to the water sample with coliform in it without turning on the 








































water sample and the photocatalyst. As known from literature, photocatalysts involving Silver 
(Ag) as a component alone may be able to disinfect microorganisms partially. This maybe the 
case in the first hour. That explains the decrease of the number of colonies per 100-mL from 45 
initially to 36 colonies per 100-mL in one hour on average.  
However, after the end of the first hour, whatever disinfection that the Ag alone was able 
to conduct was over, and now there was a constant rate at which the microorganisms stick to the 
photocatalyst and get released from it. And since heat is not a factor, this levelled off and on 
average remained at 36 remaining colonies per each increase in hour.    
Table 3 : Comparison of the number of colonies with respect to time and temperature   
(Adsorption 
only) 
Average of 3     









0 45 0 0.00 21.4 7.1 
1 36 20 0.10 21.3 7.1 
2 36 20 0.10 21.4 7.1 
3 36 20 0.10 21.4 7.1 
 
  



























Figure 28: Log inactivation vs Time  
6.2. Disinfection experiments 
6.2.1. Experiments using 50 mg of photocatalyst  
Figures 29-32, Tables 4 and 5 demonstrate these results below visually.   
As seen in experiments 1 and 2, initially there were on average 64 cfu/100-mL and 91 
cfu/100-mL found in the water samples respectively. However, once the experiment began and 
the samples were left alone with the photocatalyst mixture only without turning on the light 
source, there was a decrease on the average number of colonies remaining after hour one. In the 
case of experiment 1, it dropped from 64 cfu/100-mL to 55 cfu/100-mL, while in the case of 
experiment 2, it dropped from 91 cfu/100-mL to 82 cfu/100-mL. This is consistent with findings 
discussed in the control experiment in Section 6.1.2. The percent reduction and log inactivation 
(4 log inactivation taken as the maximum as the actual number was infinity) also support this[8]. 
This essentially suggests that while the microorganisms and the photocatalyst were forming an 























alone while others may have simply been stuck to the photocatalyst and unable to be sampled at 
hour one. 
Once the light is turned on, in both cases, the rate of disinfection is very fast. Within one hour in 
both cases the number of colonies decrease from their respective averages to zero. This is 
consistent with the theory that the photocatalyst Ag/TiO2/AgBr is a good disinfectant as 
discussed thoroughly in Section 3.  
While temperature could be considered a factor in these experiments, as seen in Section 6.1.1. 
this does not appear to be the case, as the temperature in both experiments remain fairly constant. 
So, here the action of the photocatalyst and the visible light alone can be attributed the 
disinfection.  
Table 4: Comparison of the number of colonies with respect to time and temperature using 50- 
mg photocatalyst        
Experiment 1 Average of 3     









0 64 0 0.0 22 7.2 
1 55 14 0.1 22.2 7.2 
2 0 100 4.0 22.6 7.1 
3 0 100 4.0 22.7 7.1 
 
Table 5 : Comparison of the number of colonies with respect to time and temperature using 50 
mg photocatalyst   
Experiment 2 Average of 3     









0 91 0 0.0 21.2 6.9 
1 82 10 0.05 21.3 6.9 
2 0 100 4.0 21.5 6.9 






Figure 29:  Number of colony forming units (CFU) per 100 milliliter(mL) vs Time 
 




















































Figure 31:  Number of colony forming units (CFU) per 100 milliliter(mL) vs Time 
 
Figure 32: Log inactivation vs Time  
Section 6.2.2. Experiments using 25-mg of photocatalyst  
Figures 33-36, Tables 6 and 7 demonstrate these results below visually.   
As seen in experiments 3 and 4, initially there were on average 100 cfu/100-mL and 127 
cfu/100-mL found in the water samples respectively. However, once the experiment began and 























































source, there was a decrease on the average number of colonies remaining after hour one. In the 
case of experiment 3, it dropped from 100 to 91 cfu/100-mL. While in the case of experiment 4, 
it dropped from 127 to 118 cfu/100-mL. This is consistent with findings discussed in the control 
experiment in Section 6.1.2. The percent reduction and log inactivation also support this. 
However, in this case it can be seen that there are residual bacteria left at the end of the 
experiment.  
This essentially suggests that while the microorganisms and the photocatalyst were 
forming an adsorption equilibrium, some bacteria might have been killed by the action of the 
photocatalyst alone while others may have simply been stuck to the photocatalyst and unable to 
be sampled at hour one. 
Once the light is turned on, in both cases, the rate of disinfection is very fast. Within one hour in 
both cases the number of colonies decrease from their respective averages to 9 cfu/100- mL and 
remains that way. While this is consistent with the theory that the photocatalyst Ag/TiO2/AgBr is 
a good disinfectant as discussed thoroughly in Section 3, the concentration of photocatalyst used 
may not have been enough as it has been halved from before i.e. 50-mg/100- mL to 25-mg/100-
mL, to fully inactivate all the coliform. In comparison to Section 6.2.1. this appears to be the 
case.  
Again, while temperature could be considered a factor in these experiments, as seen in Section 
6.1.1. this doesn’t appear to be the case, as the temperature in both experiments remain fairly 







Table 6: Comparison of the number of colonies with respect to time and temperature using 25- 
mg photocatalyst   










0 100 0 0 21.3 7.1 
1 91 9 0 21.3 7.1 
2 9 91 1 21.4 7.1 
3 9 91 1 21.6 7.1 
 
Table 7: Comparison of the number of colonies with respect to time and temperature using 25- 
mg photocatalyst   










0 127 0 0 21.2 7.2 
1 118 7 0 21.3 7.2 
2 9 93 1 21.5 7.2 
3 9 93 1 21.5 7.2 
 
 




























Figure 34: Log inactivation vs Time 
 
 




















































Figure 36: Log inactivation vs Time 
Section 6.2.3. Experiments using 100 mg of photocatalyst 
Figures 37-40, Tables 8 and 9 demonstrate these results below visually.   
As seen in experiments 5 and 6, initially there were on average 91 cfu/100-mL and 109 
cfu/100-mL in the water sample respectively. However, once the experiment began and the 
samples were left alone with the photocatalyst mixture only without turning on the light source, 
there was a decrease on the average number of colonies remaining after hour one. In the case of 
experiment 5, it dropped from 91 to 82 cfu/100-mL. While in the case of experiment 6, it 
dropped from 109 to 91 cfu/ 100-mL. This is consistent with findings discussed in the control 
experiment in Section 6.1.2.  
As the concentration of photocatalyst was double i.e. from 50-mg/100-mL to 100 
mg/100-mL, while it was expected that the inactivation may have been faster, it is essentially the 
same as when the original concentration was used.  
This essentially suggests that while the microorganisms and the photocatalyst were 




























photocatalyst alone while others may have simply been stuck to the photocatalyst and unable to 
be sampled at hour one. 
Once the light is turned on, in both cases, the rate of disinfection is very fast. Within one hour in 
both cases the number of colonies decrease from their respective averages to zero. This is 
consistent with the theory that the photocatalyst Ag/TiO2/AgBr is a good disinfectant as 
discussed thoroughly in Section 3 and it also appears as though increasing the photocatalyst 
concentration above 50-mg does not affect the disinfection rate.  
While temperature could be considered a factor in these experiments, as seen in Section 6.1.1. 
this does not appear to be the case, as the temperature in both experiments remain fairly constant. 
So, here the action of the photocatalyst and the visible light alone can be attributed the 
disinfection. 
 
Table 8: Comparison of the number of colonies with respect to time and temperature using 100- 
mg photocatalyst    










0 91 0 0 21.2 7.2 
1 82 36 0.2 21.3 7.2 
2 0 100 4 21.5 7.2 










Table 9: Comparison of the number of colonies with respect to time and temperature using 100- 
mg photocatalyst   












0 109 0 0 21.7 7.2 
1 91 29 0.1 21.8 7.2 
2 0 100 4 21.8 7.2 
3 0 100 4 22 7.2 
 
 






























Figure 38: Log inactivation vs Time 
 





















































Figure 40: Log inactivation vs Time 
6.3. Results summary 
As seen throughout Section 6.2. Ag/TiO2/AgBr appears to be a highly effective 
photocatalyst. The ideal photocatalyst concentration appears to be 50-mg/100-mL, which 
supports literature review and the ideal time appears to be one hour after allowing the adsorption 
equilibrium to occur. As mentioned previously, the photocatalyst was essentially able to reduce 
the coliforms to nil while using 50-mg/100-mL and 100-mg/100-mL concentration, while only 9 
cfu/ 100-mL colony was left after 25-mg/100-mL concentration in the time frame of these 
experiments. The standard log inactivation for zero was taken as four according to literature 
using UV disinfection as standard[8] . Figure 41 below summarizes all the experiments in a log 
concentration/initial concentration vs time graph for a first order reaction from hour 1 to hour 2 
































Figure 41: Log[concentration/initial concentration] vs time graph to calculate ‘K’   
From the graph, we get the value of the kinetic constants’ ‘K’ as 0.165 min-1, 0.172 min-1, 
and 0.183 min-1 for 25-mg, 100-mg and 50-mg of photocatalyst used respectively. According to 
this data, the reaction is fastest reaction occurs when 50-mg of photocatalyst is used. While, there 
is not much of a difference in terms of which photocatalyst concentration to use in the fastest 
portion of the reaction i.e. the plotted section (from time 1 hr to 2 hr), caution must be applied 
when using 25-mg of photocatalyst, as this concentration was not able to fully inactivate all the 
coliform even though the time for the experiment was increased. It plateaud after one hour of 
disinfection under visible light. This was not the case for 50-mg and 100-mg photocatalyst as 
they completely inactivated all the coliform. This relationship is basically in line with what the 
literature review says.  
From literature review, Table 1, for a comparable photocatalyst the kinetic constant ‘K’ 
is 0.23 min-1 for 50-mg photocatalyst used [59]. From the graph, a value of 0.18 min-1 for ‘K’ is 
obtained in these experiments. These two values are in the same order of magnitude, but the 
y = -0.1827x



























value found in this experiment is slightly smaller. This difference could be attributed to the fact 
that the interval between starting and finishing the experiment is smaller in the comparable data. 
For instance, the sampling time in the comparable literature is generally 15 mins whereas the 
sampling time in this experiment is an hour. As most of the photocatalytic disinfection occurs 
generally within 15-20 mins in a batch reactor setting of this sort, the value of constant ‘K’ could 
have been calculated with more accuracy if shorter intervals were used as the slope of the graph 
would be steeper.  
Regardless, this does prove that the photocatalyst used in this experiment is also of 


















7.Conclusions and recommendations  
As the human population becomes more economically and geographically sizeable and 
diverse, the need for sustainable, inexpensive, scalable, and decentralized water treatment 
technologies to supplement or replace conventional treatment methods are greater than ever, 
especially for satisfying the need of small, rural communities for safe drinking water. 
These challenges can be somewhat met with the use of semiconductor photocatalysis, 
especially if the process is driven by visible light energy. VLA photocatalysis, as discussed in 
this thesis, can be effectively applied in disinfection of drinking water. In comparison to 
traditional, energy-intensive, physical and chemical disinfection methods, VLA photocatalysis is 
capable of providing high disinfection efficiency with the use of cheaper energy, no harmful by-
products, and no addition of chemicals. Doped with noble metals, some photocatalysts can be 
improved to react under visible light, producing in-situ ROS to disinfect water. 
Either by reducing the bandgap of the semi-conductors to operate within visible light 
region, or by delaying the recombination of electron-hole pair via the SPR effect, certain new 
generation photocatalysts are very effective in disinfecting water.  
In this thesis, the disinfection experiments were designed to check whether or not the 
noble metal (SPR) based photocatalyst synthesized at the University of New Orleans(UNO) lab, 
Ag/TiO2/AgBr, was able to neutralize coliform bacteria as it had been suggested in literature 
during the review. The results seem to agree with the literature especially when 50-mg of 
photocatalyst is used in a 100-mL sample as all coliform bacteria were inactivated in a relatively 
short period of time. This is conclusive as seen in Section 6.3.  
While the path to reach a suitable photocatalyst and preliminary experiments themselves 




of the potential that this technology holds. Using sunlight not only makes the process of 
disinfection itself cheaper due to abundance of this form of energy available, but it also provides 
an alternative route of disinfection without the usage of any additional chemicals. This is purely 
a physical process so the chance of DBPs forming at the end of the process is very small and the 
photocatalyst can be recovered and reused several times at the end of each run. Moreover, using 
VLA photocatalysts for disinfection, especially at point of use is economically prudent too.  
However, there are some research recommendations that would further help with the 
study and eventual implementation of this technology. More tests with a shorter interval of 
sampling should be run to replicate these results in the UNO lab. Also, another water sample 
with a higher concentration of coliform bacteria should be considered while further testing.   
Along with the aforementioned parametric changes, there are other issues/challenges that 
future research in this area will have to address as well. These include: 
a) the economic analysis of the ability of photocatalytic water inactivation technology to 
compete with conventional water treatment. 
b)  the feasibility to mass produce VLA photocatalysts, the viability and technology for 
recovering photocatalysts after usage.  
c) The residual effect of photocatalytic disinfection in larger water treatment plants.  
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Appendix A: Trial runs and their graphs to select appropriate photocatalyst and concentration 
 
 
Figure: MB concentration vs time while using Ag/TiO2/AgBr  
 


















































Figure: Consumed fraction of MB vs time by Ag/TiO2/AgBr  
 

































































































































































Appendix B: Raw data collected in disinfection experiments  







counted Colonies  
Temperature 
(Celsius) pH 
0 5 5 8 6 21.1 6.9 
1 3 6 5 4.666666667 21.4 6.9 
2 3 3 4 3.333333333 22.1 6.8 
3 2 3 2 2.333333333 22.2 6.8 
 
(Adsorption 







counted Colonies  
Temperature 
(Celsius) pH 
0 4 5 5 4.666666667 21.4 7.1 
1 5 3 4 4 21.3 7.1 
2 4 4 3 3.666666667 21.4 7.1 
3 3 4 4 3.666666667 21.4 7.1 
 
Experiment 







counted Colonies  
Temperature 
(Celsius) pH 
0 8 6 7 7 22 7.2 
1 6 6 5 5.666666667 22.2 7.2 
2 0 0 0 0 22.6 7.1 
3 0 0 0 0 22.7 7.1 
 
Experiment 







counted Colonies  
Temperature 
(Celsius) pH 
0 11 10 9 10 21.2 6.9 
1 10 10 8 9.333333333 21.3 6.9 
2 0 0 0 0 21.5 6.9 















counted Colonies  
Temperature 
(Celsius) pH 
0 13 8 12 11 21.3 7.1 
1 9 13 7 9.666666667 21.3 7.1 
2 1 1 1 1 21.4 7.1 
3 1 1 1 1 21.6 7.1 
 
Experiment 










0 15 14 14 14.33333333 21.2 7.2 
1 13 15 12 13.33333333 21.3 7.2 
2 1 1 1 1 21.5 7.2 
3 1 1 1 1 21.5 7.2 
 
Experiment 







counted Colonies  
Temperature 
(Celsius) pH 
0 12 9 10 10.33333333 21.2 7.2 
1 10 8 8 8.666666667 21.3 7.2 
2 0 0 0 0 21.5 7.2 
3 0 0 0 0 21.5 7.2 
 
Experiment 







counted Colonies  
Temperature 
(Celsius) pH 
0 13 12 12 12.33333333 21.7 7.2 
1 10 9 11 10 21.8 7.2 
2 0 0 0 0 21.8 7.2 
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